[1] The application of radiogenic isotopes to the study of Cenozoic circulation patterns in the South Pacific Ocean has been hampered by the fact that records from only equatorial Pacific deep water have been available. We present new Pb and Nd isotope time series for two ferromanganese crusts that grew from equatorial Pacific bottom water (D137-01, ''Nova,'' 7219 m water depth) and southwest Pacific deep water (63KD, ''Tasman,'' 1700 m water depth). The crusts were dated using 10 Be/ 9 Be ratios combined with constant Co-flux dating and yield time series for the past 38 and 23 Myr, respectively. The surface Nd and Pb isotope distributions are consistent with the present-day circulation pattern, and therefore the new records are considered suitable to reconstruct Eocene through Miocene paleoceanography for the South Pacific. The isotope time series of crusts Nova and Tasman suggest that equatorial Pacific deep water and waters from the Southern Ocean supplied the dissolved trace metals to both sites over the past 38 Myr. Changes in the isotopic composition of crust Nova are interpreted to reflect development of the Antarctic Circumpolar Current and changes in Pacific deep water circulation caused by the build up of the East Antarctic Ice Sheet. The Nd isotopic composition of the shallower water site in the southwest Pacific appears to have been more sensitive to circulation changes resulting from closure of the Indonesian seaway.
Introduction
[2] Global ocean circulation has been strongly influenced by major changes in paleogeography during the Cenozoic. For example, plate-tectonic movements opened and closed oceanic seaways, which led to large-scale reorganization of interocean pathways and hence changed deep water mass exchange, heat and salinity budgets, and ultimately global climate (for a recent summary, see Zachos et al. [2001] ).
[3] The Southern Ocean plays a crucial role in the present-day global ocean current system (''global conveyor belt '' model; Broecker [1991] ). The connection between all three major ocean basins provided by the Antarctic Circumpolar Current (ACC) not only permits efficient global water mass exchange, but also dominates transport of heat, fresh water, and other properties that influence climate [e.g., Rintoul et al., 2001; Schmitz, 1995] . The ACC is a geostrophic eastward flow that extends from the surface to the deep ocean and represents the largest present-day ocean current in terms of volume transport. Several sites of Antarctic Bottom Water (AABW) formation occur within the Southern Ocean, the most important of which is the Weddell Sea (see Rintoul et al. [2001] for a recent summary). AABW, however, is not circumpolar because it is too dense to flow over the sill of Drake Passage [Orsi et al., 1999] . The water mass circulating with the ACC is the Circumpolar Deep Water (CDW) and is predominantly a mixture of AABW and North Atlantic Deep Water (NADW) [Schmitz, 1996] . Modified AABW and CDW are exported from the ACC to the Atlantic, Pacific and Indian Oceans.
[4] In the past, circulation of water around Antarctica was prevented by the connection of Australia to Antarctica (Tasmanian gateway: opened $33 Ma) and South America to Antarctica (Drake Passage: opened between $30 and $20 Ma). At the same time, open gateways in the Indonesian area (Indonesian gateway), between North and South America (Isthmus of Panama), and interoceanic gateways between the Tethys and Atlantic and Indian Oceans (at least in Eocene times; Oberhänsli [1992] ) allowed equatorial interbasin water mass exchange. However, it is not clear where deep water formation took place in Eocene through Miocene times and what the deep water circulation pattern looked like. Since polar regions were much warmer in the early Eocene than today (see Zachos et al. [2001] and Lear et al. [2000] for recent summaries), salty water from middle and low latitudes was probably densest, resulting in warm deep waters at the time. Hypotheses about Eocene through Miocene deep water circulation have been summarized by several authors [e.g., Kennett and Stott, 1990; Wright et al., 1992; Wright and Miller, 1993; Flower and Kennett, 1995; Ramsay et al., 1998 ]. By the late middle Miocene, deep water circulation patterns similar to those of today were established. The early Eocene through late middle Miocene Earth experienced a transition from warm polar climates in the early Eocene to a global climate and deep water circulation pattern similar to the present [e.g., Wright and Miller, 1993] . One of the most important variables was the extent of ice accumulation on Antarctica. At about 15 Ma, the major East Antarctic Ice Shield (EAIS) became a permanent feature, coincident with a significant deep ocean cooling [see Billups and Schrag, 2002; Flower and Kennett, 1995, and references therein] and increased production and export of deep water from the Southern Ocean.
[ Broecker and Peng [1982] ), and carbonate ion concentration [Spero et al., 1997] complicate the record. Moreover, d
13
C is essentially a tracer of nutrient concentration, which is controlled by processes in the surface ocean. Thus deep water masses of different origins within an ocean basin may not be distinguishable by the d 13 C signatures [Frank, 2002] . Several studies using radiogenic isotope time series (e.g., Pb, Nd) obtained from ferromanganese crusts have provided valuable information about the effects of climatic and paleogeographic variations on deep water composition and circulation patterns (for a recent summary, see Frank [2002] ).
[6] Neodymium has an average ocean residence time of between 600 and 2000 years [Jeandel, 1993; Jeandel et al., 1995; Tachikawa et al., 1999] , which is long enough to be dispersed within the global thermohaline circulation system and short enough to avoid homogenization. Consequently, the Nd isotope system has been considered a suitable radiogenic isotope tracer to monitor large-scale changes in ocean circulation. The Nd isotopic composition of a particular deep water mass is essentially dependent on two factors: (1) the erosional load delivered to the oceans from the continents and (2) variation of these source signatures through vertical and lateral mixing with other water masses.
[7] In contrast, the residence time of Pb in deep water is short ($50 to 200 years; Craig et al. [1973] , Schaule and Patterson [1981] , Cochran et al. [1990] ). Consequently, dissolved Pb isotopes in the oceans are influenced by local sources such as riverine inputs, eolian dust accumulation, and hydrothermal activity [e.g., Frank et al., 1999b; . Recent studies suggest, however, that Pb isotopes can be advected over quite long distances and can be suitable tracers for water mass movement and mixing within ocean basins [Abouchami and Goldstein, 1995; Abouchami et al., 1997; von Blanckenburg and Igel, 1999; Claude-Ivanaj et al., 2001; van de Flierdt et al., 2003] .
[8] This study focuses on the radiogenic isotope history of the deep South Pacific, which is a key area for the understanding of the development of the global deep water circulation. We present new combined isotope time series (Pb, Nd) obtained from ferromanganese crusts from the southwest Pacific and southern equatorial Pacific. These two locations monitored the evolution of inflowing deep water masses from the Southern Ocean and water mass mixing within the Pacific Ocean and therefore provide new constraints on the Eocene through Miocene deep water circulation patterns in the South Pacific.
2. Samples, Locations, and Background [9] Two ferromanganese crusts, one that grew from equatorial Pacific bottom water and one from southwest Pacific deep water (Figure 1 ), were selected to investigate the evolution of inflowing deep and bottom water masses from the Southern Ocean. A third crust from the deep equatorial Pacific was studied to confirm the end-member isotopic composition of equatorial Pacific deep water.
Equatorial Pacific Bottom Water-Crust Nova
[10] Crust D137-01 (01°08.0S, 168°04.0 0 W; 117.5 mm thick), hereafter called ''Nova,'' was dredged during cruise Nova IX (1979) in the Nova Canton Trough from a water depth of 7129 m. The massive crust grew on a hyaloclastite substrate and displays macroscopically visible growth banding. It is the deepest water ferromanganese crust analyzed so far and it recorded changes in equatorial Pacific bottom water, the composition of which ultimately reflects modified AABW. Today, the main export pathway of deep water from the ACC to the Pacific is the Deep Western Boundary Current (DWBC). This current separates from the ACC east of the Campbell Plateau at 49°S and flows northward along the continental rise east of New Zealand and along the Tonga-Kermadec Ridge (e.g., Carter and Wilkin [1999] ; Figure 1 ). Wijffels et al. [2001] and Reid [1997] suggested that above and somewhat offset to the east of this world's largest DWBC, a significant amount of Pacific Deep Water (PDW) flows southward and hence is exported out of the Pacific Ocean. Further north at 10°S (169-170°E) the deep and abyssal waters of the DWBC travel through a $200 km wide and 3500 -5200 m deep passage, the Samoan Passage, which is the only major conduit for abyssal waters moving northward [Reid and Lonsdale, 1974; Taft et al., 1991; Johnson et al., 1994; Rudnick, 1997] . The Nova Canton Trough is situated exactly north of the exit of the Samoan Passage (Figure 1 ). The deepest part of the trough (> 4000 m) has most likely been filled with modified AABW transported northward as part of the DWBC.
Southwest Pacific Deep Water-Crust Tasman
[11] Crust 63KD (28°34.0S, 163°00.0 0 E; 39 mm thick), hereafter called ''Tasman,'' was recovered on Lord Howe Rise during the SO36 cruise ( Figure 1 ) from a water depth of 1700 m. This dense crust shows partly bent, thin laminations, subparallel to the growth surface. The distance of the crust site to Australia is about 900 km and the northern tip of New Zealand is about 1100 km away. The entire region east of Australia and west of New Zealand and the Tonga-Kermadec ridge is made up of a number of individual basins with differing depths and extents. This leads to complex pathways for present-day circulation as outlined in Figure 1 for surface, intermediate, and deep and bottom water [Sokolov and Rintoul, 2000] . The primary inflowing surface water mass into the region is the westward flowing South Equatorial Current (SEC) (Wyrtki [1960]; Figure 1 ). Important for understanding the setting of crust Tasman is the fact that the SEC has an extension at depth that includes Antarctic Intermediate Water (AAIW) and deep and bottom waters (Sokolov and Rintoul [2000] ; Figure 1 ). Lord Howe Rise acts as a barrier for deep and bottom water in the southwest Pacific, which separates into western and eastern branches (Figure 1 ). The western area is the Tasman Sea and represents the only basin where a northward flow of deep and bottom water with Southern Ocean characteristic has been identified [Sokolov and Rintoul, 2000] . The Tasman Sea is, however, closed to the north below 2800 m [Wijffels et al., 2001] . Moreover, Lord Howe Rise inhibits an inflow of Southern Ocean water to the eastern basins. Therefore all eastern basins receive deep and bottom waters from the equatorial Pacific, most likely delivered by the SEC [Wijffels et al., 2001] (Figure 1 ). This also applies to crust Tasman, which was recovered from the eastern flank of Lord Howe Rise.
Equatorial Pacific Deep Water--Crust Marshalls
[12] During cruise F10-89-CP, crust D27 2-1 (hereafter called ''Marshalls'') was dredged from a seamount in the Marshall Islands area of the western equatorial Pacific (07°31 0 N, 169°40 0 E, 1670 -1570 m water depth). This 68 mm thick, massive crust grew from Pacific deep water. Since location and water depth are similar to previously investigated crusts D11-1 and CD29-2 (Ling et al. [1997] ; Figure 1 ), crust Marshalls is only taken as representative of the predefined equatorial Pacific deep water end-member and will not be subject to discussion beyond that.
Methods
[13] Aliquots of manually sampled depth profiles of the three crusts were used to determine concentrations of 10 Be, 9 Be, and major and trace elements (Fe, Mn, Co, Ni, Cu) . Sampling for Pb and Nd isotope profiles was carried out using a computer-controlled milling device to obtain continuous high-resolution time series.
[14] Age models for all three crusts are based on Tables 1 and 2 ). Chemical preparation of 5 to 10 mg sample material for the AMS measurements of 10 Be concentrations closely followed a previously described method [Henken-Mellies et al., 1990] . The 10 Be concentrations were measured at the Zürich AMS facility of the Paul Scherrer Institute and ETH Zürich, Switzerland. In order to cancel out dilution effects, all 10 Be data were normalized to stable 9 Be, which was measured on the same Be versus depth for crusts Tasman, Nova, and Marshalls. Ages have been calculated with a half-life for 10 Be of 1.5 Myr and assuming a constant initial 10 Be/ 9 Be ratio. Solid lines represent the Be-derived age model, with corresponding growth rates. The dashed lines show the age model calculated using the Co growth rate relationship [Manheim, 1986] , which was calibrated to match the 10 Be/ 9 Be dating of the younger parts.
aliquots at the Laboratory of Inorganic Chemistry, ETH Zürich, Switzerland, using an ELAN DRC ICP-MS 6100 instrument. Further details about both methods can be found in the work of van de Flierdt et al. [2003] .
[15] For Pb isotope analysis, 1 mg of sample powder was first leached for 15 min on a warm hotplate with 6M HCl and any undissolved material (detrital) was separated from the solution by centrifugation. Following this initial step, the chemical separation closely followed that described by Lugmair and Galer [1992] . The Pb isotope ratios were measured with a Nu Plasma MC-ICP-MS at the ETH Zürich using a Tl-doping procedure to correct for instrumental mass bias [Walder et al., 1993] . Repeat analyses of the NIST SRM981 Pb standard during the measurements of the individual three crusts gave the external reproducibility (2 s standard deviation) reported in Table 3 1 . The long-term reproducibility, however, based on several ferromanganese crust measurement sessions over 3 years (Nu Plasma MC-ICP-MS, ETH Zürich), indicates a slightly worse external precision (2 s standard deviation) of 100-130 ppm for 206 Pb/ 204 Pb, 100 -160 ppm for 207 Pb/ 204 Pb, and 100 -200 ppm for 208 Pb/ 204 Pb. All reported Pb isotope results were normalized to the Pb isotopic composition of NIST SRM981 given by Galer and Abouchami [1998] .
[16] Neodymium chemistry using $10 mg samples was carried out following the separation and purification method described by Cohen et al. [1988] . Neodymium measurements were performed by MC-ICP-MS. To correct for instrumental mass bias 143 Nd/ 144 Nd ratios were normalized to 146 Nd/ 144 Nd of 0.7219. Repeated analysis of the JMC Nd standard yielded 0.511813 ± 10 (2 s standard deviation, n = 24) and 0.511804 ± 15 (n = 17) during the two measuring sessions of crusts Tasman and Nova, respectively. To compare our JMC values with the commonly used La Jolla standard, several cross calibrations were carried out that gave a constant difference in 143 Nd/ 144 Nd of 0.000025 between the two standard solutions. 143 Nd/ 144 Nd ratios are reported relative to a JMC value of 0.511833, which is equivalent to a nominal La Jolla value of 0.511858. The precision of duplicate sample measurements on different days (same solutions) and of repeat samples run independently through the chemistry was within the external reproducibility of the standard measurements (Table 3   2 ). All Pb and Nd isotope data are available on request from the corresponding author or electronically via the PANGAEA database.
Results
[17] Major and trace element compositions for all three crusts show concentrations typical of hydrogenous growth and X-ray diffraction analysis showed no evidence of phosphatization in crusts Marshalls and Nova. This is important, because there has been an ongoing debate about whether phosphatization is able to alter the isotopic composition in the older parts of time series records [Ling et al., 1997; Christensen et al., 1997; Frank et al., 1999a] . [18] 10 Be, 9 Be, Co concentrations,
Crust Chronologies and Growth Rates
Be ratios, and calculated growth rates for all three crusts are presented in Tables 1 and 2. Be data and (2) applying a constant Co-flux model [Manheim, 1986; Frank et al., 1999a] . The constant Co-flux model was tuned to fit the 10 Be/ 9
Be-derived growth rates in the younger parts of the crusts. The results of the two models are shown in Figure 2 together with individual ages calculated for each measured 10 Be/ 9 Be ratio. Assuming a constant initial 10 Be/ 9 Be ratio for crust Nova, all 9 measured 10 Be/ 9 Be ratios define an exponential curve that implies a constant growth rate of 4.7 mm/Ma for the uppermost 45.5 mm of the crust, in good agreement with near constant Co concentrations (Table 1) . No 10 Be was detected below the depth of 45.5 mm. The constant Co-flux model was applied and resulted in slightly lower growth rates (Table 2) . For crust Tasman, a constant growth rate is not within error of all 10 Be/ 9
Be data. The growth rates that give the best exponential fit vary between 1.0 and 2.4 mm/Ma for the uppermost 16.5 mm ( Figure 2 , Table 2 ). Below that depth, 10 Be/ 9 Be ratios are not considered reliable because of the low 10 Be concentrations of the samples together with uncertainties induced by the blank correction; therefore the constant Co-flux model was applied. This model gives growth rates (1.5 -2.3 mm/Ma) for the older part of the crust that are similar to those of the younger part (Tables 1 and 2 ). The growth rate determination for the upper part of crust Marshalls (0 -17.5 mm) is also based on the best fit of the measured 10 Be/ 9 Be ratios (1.67 mm/Ma). In the lower part, the growth rate derived from the constant Co-flux model is higher (1.3 -5.0 mm/Ma, Table 2 ). The 10 Be/ 9 Be ratio for a surface scraping of crust Tasman (1.21 ± 0.25 * 10
À7
) is identical within error to a previously measured ratio (1.14 ± 0.09 * 10
; von Blanckenburg et al. [1996a] ). Note that any reported age older than 10 Myr has a large uncertainty arising from the dating technique. Conservative error estimates are in the order of 10 ± 1 Ma, 20 ± 2 Ma, and 30 ± 5 Ma, although previous work has shown that age models in ferromanganese crusts often yield a good match with precisely dated events [e.g., Frank, 2002] . However, due to these uncertainties in dating, no attempt will be made to determine the absolute timing of any event; only the general trends and evolution will be discussed.
Lead Isotope Data
[19] High precision Pb isotopic compositions were determined for 53 samples from crust Tasman, 49 samples from crust Nova, and 48 samples from crust Marshalls (Table 3   1 ; Figures 3, 4 , and 5).
[20] The Pb isotope surface values for crust Tasman are consistent with previously published data by von Blanckenburg et al. [1996b] , and the surface data for crust Marshalls are similar to other equatorial Pacific crusts from the same water depth (1800 -2300 m; Ling et al. [1997] ). Strikingly similar Pb isotope time series trends exist for crusts Tasman and Nova, even though their locations are separated by more than 27°of latitude (> 3000 km) and 5000 m of water depth (Figure 1 ). The only major offset between the records of the two crusts is the different age of the start of the decrease in 206 Pb/ 204 Pb and 208 Pb/ 204 Pb, which is around 17 Ma in crust Nova and around 10 Ma in crust Tasman. The similarity is even more striking when comparing these two records with the time series from the Marshalls crust. As shown in Figure 4 , the Pb isotope time series of this crust is essentially identical to published data for other crusts from the equatorial Pacific, but clearly different from crusts Nova and Tasman. Another important observation from comparison of the data in Figure 4 is that the difference between crusts Nova and equatorial Pacific deep water records was small between 40 and 30 Ma, significantly larger afterward, but then converged again from about 10 Ma. The latter two statements also apply to crust Tasman, which shows similar values to crust Nova over the past 23 Myr.
[21] Considering recently published data for ferromanganese crust time series from the Southern Ocean , the difference in Pb isotopic composition between (Figure 4 ). This is in agreement with the southern location of crust Tasman (28°S) and the deep water location of crust Nova in the southern equatorial Pacific. Further supporting evidence comes from Pb-Pb mixing diagrams (Figure 5) , where both the Tasman and Nova records plot between equatorial Pacific deep water and Southern Ocean water. Crust Marshalls is essentially identical to the other equatorial Pacific deep water records. Therefore it is not discussed further and Nd isotope analyses were not carried out.
Neodymium Isotope Data
[22] Neodymium isotope time series for crusts Tasman and Nova are shown in Figure 6 and exhibit different amplitudes of change. While crust Nova, recording equatorial Pacific bottom water, varies only by 1.5 e units, crust Tasman from the deep southwest Pacific displays one of the largest ranges in e Nd known for ferromanganese crust time series (2.8 e units; Figure 6 ). In agreement with the Pb isotope patterns, the Nd isotope time series from the deep southwest Pacific plots between Southern Ocean water and equatorial Pacific deep water prior to 10 Ma (Figure 6 ), and exhibits a major shift toward higher e Nd values that started around 10 Ma. The present-day Nd isotopic composition is within error indistinguishable from equatorial Pacific deep water. In contrast, Nd from the Nova Canton Trough crust displays an isotopic composition intermediate between equatorial Pacific deep water and Southern Ocean water over the entire 38 Myr growth period ( Figure 6 ). In detail, a trend toward lower values occurs for samples between 38 and $20.5 Ma and a reverse trend for those from $17 Ma onward, in line with those exhibited by 206 Pb/ 204 Pb at the same location (Figures 3 and 4) .
Discussion
[23] One of the most important results exhibited by the two investigated time series from equatorial Pacific bottom water and southwest Pacific deep water, is that Nd and Pb isotope time series at both locations clearly reflect a mixture of Southern Ocean water and equatorial Pacific deep water. Superimposed on the general picture of mixing of two water masses, the Nd and Pb isotope records contain more detailed information about paleoceanographic changes that occurred in the South Pacific during the Cenozoic, which are specific for each location and will be discussed next.
Evolution of Equatorial Pacific Bottom Water
[24] The Nova Canton Trough represents an ideal location to study the Cenozoic mixing history of equatorial Pacific bottom water for several reasons. First, the anomalous depth of Nova Canton Trough of 7000 to 8400 m constrains the bottom water composition to be modified AABW in the equatorial Pacific. Furthermore, the Nova Canton Trough represents a tectonically stable area since its formation in the Early Cretaceous [see Larson et al., 2002, and references therein] . In addition, the location is very remote and hence it is highly unlikely that the radiogenic isotope Ling et al. [1997] and this study), leading to progressively more radiogenic Nd isotopes and more central-Pacific like Pb isotopes. Regarding its present-day Nd isotopic composition, equatorial Pacific bottom water consists roughly of a 1:1 mixture of Southern Ocean water and overlying equatorial Pacific deep water. This is also true for Pb isotopes, and confirms the suitability of Pb isotopes as a circulation tracer at remote locations.
Paleoceanography for Crust Nova
[26] The new Nd and Pb isotope time series of crust Nova will be used in the following to reconstruct the history of export of Southern Ocean Water to the equatorial Pacific. The records will be discussed in two time-intervals, corresponding to (1) the build up of the ACC ($38 to $21/17 Ma), and (2) (Figures 3, 4 , and 6). Such an increased import of southern water masses is likely to have occurred Pb/ 204 Pb. Crusts Tasman and Nova display well-defined trends with age. Arrows qualitatively indicate the individual trends of the two crusts. Omitting the past 3 Myr for crust Tasman, indicated by the kink in the arrow, the data for both crusts plot between Southern Ocean water and equatorial Pacific deep water (Ling et al. [1997] and this study). The trend for crust Tasman over the past 3 Myr evolves toward the composition of the Kermadec Arc (data source: GEOROC global geochemical database, http://georoc. mpch-mainz.gwdg.de/). within the DWBC, the evolution of which has ultimately been coupled to the build up of the ACC . The initial step to establishing the ACC in the Pacific sector was the opening of the Tasmanian gateway between Australia and Antarctica, which occurred in the late Eocene between 37 Ma for shallow water and 33.5 Ma for deep water due to the rapid northward movement of Australia away from Antarctica [e.g., Kennett and von der Borch, 1986; Exon et al., 2002] . The onset of deep water inflow into the Pacific through this gateway led to the inception of the ACC related bottom water circulation in this segment of the Southern Ocean, e.g., the export of Southern Ocean water to the Pacific, most likely within the DWBC as indicated by the widespread occurrence of Oligocene hiatuses in deep ocean sediments east of New Zealand [e.g., Kennett, 1977; Carter and McCave, 1994; Exon et al., 2001] .
[28] The circumpolar route of the ACC was completed by the opening of Drake Passage between South America and Antarctica to deep water exchange between the Pacific and Atlantic Oceans. The exact timing of the opening is controversial and estimates for the development of an intermediate-to deep water passage range from the Eocene/ Oligocene boundary (33.5 Ma) to as young as 22-17 Ma [Barker and Burrell, 1977; Beu et al., 1997; Lawver and Gahagan, 1998; Barker, 2001; Pfuhl et al., 2002; Latimer and Filippelli, 2002; Lawver and Gahagan, 2003; Scher and Martin, 2003] .
[29] Interpreting the gradual decrease in Nd-and increase in Pb isotope data in crust Nova from 38 to 21/ 17 Ma in terms of an increased import of southern water masses is based on the assumption that Oligocene Southern Ocean water exhibited a similar Nd isotopic composition as that of Southern Ocean water over the past 14 Myr (Figure 6 ). This is, however, equivocal because Scher and Martin [2003] recently reported fish teeth analyses from Site 1090 in Cape Basin that exhibit a decreasing Nd isotopic composition of Southern Ocean water through the Oligocene. Taking these data into account, it may well be that the observed gradual decrease in e Nd in crust Nova is a result of a combined change in both the composition and the flux of Southern Ocean water entering the deep Pacific. A change in the source composition alone cannot fully explain our data because that would require the signal observed in Cape Basin to be delivered to the Equatorial Pacific without significant mixing with overlying Pacific deep water.
Consequences of the Buildup of the East Antarctic Ice Sheet (EAIS): 17 to 0 Ma
[30] The above described trends in Pb and Nd isotopes toward a higher influence of Southern Ocean water masses terminated in the middle Miocene. Between 17.5 -16.0 Ma and 20.5 -16.8 Ma, the Pb and Nd isotope patterns respectively show a turning point, resulting in opposite trends to those observed for earlier times (Figures 3, 4, and 6 ). This indicates a reorganization of Pacific circulation patterns, most likely caused by major paleoceanographic changes occurring in the middle Miocene, such as build up of the EAIS or closure of the Indonesian gateway. Expansion of the Antarctic cryosphere entailed increased production and export of AABW and significant deep ocean cooling [e.g., Shackleton and Kennett, 1975; Kennett and von der Borch, 1986; Miller et al., 1987; Woodruff and Savin, 1989; Wright et al., 1992; Flower and Kennett, 1995; Billups and Schrag, 2002; Hall et al., 2003] . At first glance it may seem contradictory that the most Southern Ocean-like Nd and Pb isotope values were reached at 20 Ma, directly after the onset of the ACC, and that increased export of Antarctic Bottom water around 15 Ma resulted in more Pacific-like Pb and Nd isotopes in equatorial Pacific bottom water. Our favored explanation for this is an overall strengthening of Pacific circulation at deep and intermediate water depths, thereby producing more vigorous circulation and mixing. A general stimulation of thermohaline circulation as a consequence of the presence of the east Antarctic ice cap has also been suggested by Exon et al. [2001] based on evidence from ODP Leg 181. This hypothesis is consistent with the closure of the Indonesian gateway around the same time, which curtailed direct export of deep water from the Pacific Ocean to the Indian Ocean, and probably led to a reorganization and amplification of Pacific circulation patterns (see section 5.2.2).
Evolution of Southwest Pacific Deep Water
[31] The above results demonstrate that Nd and Pb isotope studies of deep waters from remote locations in the oceans can be used to reconstruct circulation patterns. The setting in the southwest Pacific is more complex for several reasons. First, crust Tasman was recovered from a much shallower water depth than crust Nova (1700 m compared to $7000 m). Second, the Pb isotopes in crust Tasman indicate a slight change in input sources to the Lord Howe Rise over the past 3 Myr (Figures 3,5) . Third, Figure 6 . Neodymium isotope data versus age for crusts Nova (open triangles) and Tasman (filled diamonds) compared with equatorial Pacific records [Ling et al., 1997] and Southern Ocean records (shaded fields). changes in the oceanographic setting of crust Tasman over the past 23 Myr obviously entailed large changes in e Nd (Figure 6 ), which are not observable in crust Nova because of growth from a different water mass.
Present-Day Oceanographic Setting for Crust Tasman
[32] Data for the surface layer of crust Tasman provide the modern radiogenic isotope signature for the deep southwest Pacific and show Nd isotope characteristics (e Nd = À3.4) identical to equatorial Pacific deep water as derived from ferromanganese crusts (e.g., e Nd = À3.0 to À3.7, Ling et al. [1997] ; e Nd = À2.8 to À4.5, Aplin et al. [1986] , it is likely that the Pb isotopic signature in the southwest Pacific has been modified by a local source. In Pb-Pb mixing plots (Figure 5 ), the data prior to 3 Ma describe a linear array between Southern Ocean water and equatorial Pacific deep water that is parallel to the one observed for crust Nova. A kink in the trend occurs at about 3 Ma, pointing to the influence of an additional end-member characterized by low 207 Pb/ 204 Pb and 208 Pb/ 204 Pb ratios. We suggest that this signal is derived from one of the local volcanic arcs (see below). In summary, the Nd isotope data are not only consistent with the present-day deep water circulation pattern as outlined in section 2, but definitively require supply of deep water to the southwest Pacific from the equatorial Pacific, whereas present-day Pb isotopes are overprinted by a local source.
Paleoceanography in the Southwest Pacific
[33] No work has been carried out to address past deep water circulation pattern in the area west of New Zealand. Since our Nd isotope data provide reliable information about the present-day circulation pattern, it is used to construct possible scenarios for changes in the paleoceanography of that area. However, the possibility of overprinting of the Nd isotopic composition by local sources must first be excluded.
Potential Source Variations
[34] It is unlikely that significant detrital or dissolved material supplied by Australian rivers reaches the location of crust Tasman based on bathymetric considerations (Figure 1 ). Between Lord Howe Rise and the Australian continent exists the deep Tasman Sea and the largest river of eastern Australia, the Murray, drains into the Great Australian Bight further south. Furthermore, the Nd isotopic composition of the Murray (e Nd = À4.7; Goldstein and Jacobsen [1988] ) is lower than that of seawater and therefore cannot serve as an end-member for the upward trend in e Nd over the past 10 Myr.
[35] Eolian dust must also be considered as a potential influence. Due to the northward drift of Australia, aridification has progressively increased the supply of windblown material over the past 10 Myr, most significantly since 5 Ma [Exon et al., 2002] . Australian dust exhibits a relatively low (unradiogenic) Nd isotopic composition (e Nd = À3.7 to À11.7; Grousset et al. [1992] ). Increased dust input should therefore drive the Nd isotope evolution in the direction opposite to that observed, so eolian continental input can also be excluded as a suitable explanation for the observed shift in e Nd from À5.7 to À2.9 between 10 Ma and present-day in crust Tasman.
[36] Volcanic exhalations can also be excluded as potential drivers because the number of ash layers in DSDP cores on Lord Howe Rise suggest that middle and early late Miocene volcanism was much more prominent than Quaternary volcanism in this sector of the southwest Pacific [Gardner et al., 1986] .
[37] This leaves erosion of local arcs as the only potential overprinting candidate. According to Ballance [1999] , Neogene arc activity began simultaneously at 25 Ma in different areas and experienced a major reorganization and simplification around 15 Ma [Herzer, 1995] . Ten Myr of arc stability without back-arc formation followed that period, and from 5 Ma onward another major reorganization has been taking place [Ballance, 1999] . The arcs in the southwest Pacific typically show e Nd values of +5 to +10 (for a compilation of data see the GEOROC global geochemical database; http://georoc.mpch-mainz.gwdg.de/). Although this range of isotopic compositions and the history of arc evolution fits with the observed trend in crust Tasman data because the major increase in e Nd started between 6.6 and 3.6 Ma (Figure 6 ), there are strong arguments against a progressive increase in arc erosion over the past 10 Myr. If eroded arc material is considered a potential driver for the huge shift in the Nd isotopic composition Pb isotopes should display this influence even more strongly because of the shorter residence time of Pb, which makes it more sensitive to local inputs. The general trend in Pb-Pb mixing plots (Figure 5) , however, only points to a potential arc end-member (e.g., Kermadec arc) for the past 3 Myr. This is due to a significant drop in the Pb ratios around 3 Ma, which clearly requires the contribution of an arc-like source from that time onward. In contrast, the upward Nd isotope trend ceased at $1.3 Ma even though the arc end-member isotopic composition for Nd was not closely approached. Furthermore, the trend in e Nd ceases at exactly the point at which the isotopic composition of equatorial Pacific deep water is reached (Figure 6 ). Although we cannot conclusively exclude a contribution from local arcs to the Nd isotope signal, it is very unlikely that they were responsible for the observed changes.
[38] Finally, we must consider the possibility that the large shift in e Nd was caused by a change in paleodepth of the crust Tasman site, potentially causing movement into a different water mass. Several studies indicate, however, a relatively unchanged paleodepth for different DSDP sites on Lord Howe Rise since the late Oligocene (difference in depth is less than 100 m; Sclater et al. [1985] ; Ayress, [1994] ; Flower and Kennett [1995] ; Gaina et al. [1998] [Sclater et al., 1985] .
[40] From 10 Ma onward, equatorial Pacific deep water became progressively more dominant for the crust Tasman location in the southwest Pacific, resulting in a present-day Nd isotopic composition identical to that of equatorial Pacific deep water. Consequently, either the deep current supplying the southwest Pacific must have been strengthened, or the Southern Ocean water supply/source must have become less important. Here we suggest that the major change in e Nd on Lord Howe Rise was driven by closure of the Indonesian Seaway and subsequent reorganization of circulation in the southwest Pacific. It is very likely that the existence of the present-day southward deflection of the deeper parts of the SEC (Figure 1 ) that supplies an equatorial Pacific Nd isotopic composition to the basins east of Lord Howe Rise is a result of the closure of the Indonesian gateway. Reconstructions by Kennett et al. [1985] also indicate that in the early Miocene ($20 Ma) the SEC was the main current flowing from the Pacific to the Indian Ocean. Due to the general motion of southwest Pacific plates (westward), the Australian plate (northward), and the Eurasian plate (fixed), an up to 1300 km wide seaway existed at that time between Indonesian and Australian landmasses. Based on planktonic foraminiferal biogeography, Kennett et al. [1985] estimated that this pathway has been shallowing/restricting since the middle Miocene. This is in line with assessments based on radiolarian studies, which indicate closure of the Indo-Pacific passage to significant (deep) westward flow between 12 and 10 Ma [Romine and Lombari, 1985] . The tectonic history of the region allows estimates ranging from 15.5 to 7.5 Ma for the closure of the Indonesian seaway to deep water exchange [e.g., Linthout et al., 1997; Nishimura and Suparka, 1997; Tsuchi, 1997] . No matter what the exact timing of the closure, it clearly had severe effects on Pacific Ocean circulation, as can be seen from our Nd isotope record from crust Tasman. Moreover, a general strengthening of the oceanic gyre system probably took place at the same time due to a steepening of the latitudinal temperature gradients (see section 5.1.2). These conclusions are supported by a study of Kennett et al. [1985] , who proposed that an ''interlocking'' between the Indonesian and New Guinea landmasses in the middle Miocene caused a pile-up of westward flowing equatorial currents, mainly the SEC, resulting in initiation of the Equatorial Undercurrent (EUC) as a return flow from the western equatorial Pacific to the eastern equatorial Pacific (see Figure 1) . Godfrey [1996] suggested that the closure of the Indonesian throughflow also resulted in strengthening of the East Australian Current, though the timing slightly lagged the closure of the gateway. Major reorganization of the paleoenvironment in the southwest Pacific due to the closure of the Indonesian gateway was also recorded on northeastern Australian carbonate platforms [e.g., McKenzie and Davies, 1993] . It is interesting to note that according to paleogeographic reconstructions, Lee and Lawver [1995] suggested a restriction of the flow of the SEC prior to $5 Ma and a total blockage around 4.4 Ma, the time of major orogeny in New Guinea. This is consistent with Wei [1998] , who proposed a southward shift of the Tasman Front at 4.4 Ma. Both findings are in agreement with the major changes in Nd isotopic compositions in the southwest Pacific occurring between 6.6 and 3.6 Ma ( Figure 6 ) and strengthen the proposition that the rise in e Nd on Lord Howe Rise has been due to the southward deflection of the SEC during closure of the Indonesian Seaway.
Conclusions
[41] We demonstrate that the Nd and Pb isotopic compositions of equatorial Pacific bottom water and southwest Pacific deep water can be identified in two ferromanganese crusts and those can be used in time series to reconstruct Cenozoic circulation patterns. For two sites in the southern equatorial Pacific (Nova Canton Trough) and southwest Pacific (Lord Howe Rise), both isotope systems delineate in general a mixing of equatorial Pacific deep water and Southern Ocean water over the past 38 and 23 Myr, respectively. Overprint of Nd and Pb isotope signatures by local sources (e.g., continental inputs or arc weathering) can be excluded for the record from the Nova Canton Trough and is highly unlikely for the record from Lord Howe Rise prior to 3 Myr.
[42] The evolution of Pb and Nd isotopes in equatorial Pacific bottom water documents increased export of Southern Ocean water carried by the Deep Western Boundary Current as a result of the progressive build up of the ACC from 38 to 21/17 Ma due to the opening of the Tasmanian gateway and the Drake Passage. There may also have been a change in the isotopic composition of Southern Ocean water during the Oligocene that added to the observed signal [Scher and Martin, 2003] . From 17 Ma to the present, development of the East Antarctic Ice Sheet initiated an increased production and export of Antarctic Bottom Water, which in turn led to more vigorous Pacific circulation and mixing. This effect was, moreover, enhanced by the closure of the Indonesian gateway. While the impact of the cessation of export of deep water from the Pacific to the Indian Ocean in the middle Miocene is not very prominent in the deep Nova Canton Trough, which is dominated by inflowing modified Antarctic Bottom Water, it markedly changed the Nd isotope pattern in the southwest Pacific. Today, deep water enters the southwest Pacific from the north, as a southward deflection of the South Equatorial Current, which delivers an equatorial Pacific-like Nd isotopic composition. This current, however, was probably only established in the course of the closure of the Indonesian seaway, since Nd isotopes prior to 10 Ma clearly suggest a stronger Southern Ocean-like influence or/and a weaker equatorial Pacific influence.
[43] Overall, comparison of published Pb and Nd isotope records from the equatorial and southern Pacific Ocean display small relative differences in the Eocene and early Oligocene, larger differences in the Oligocene through middle Miocene, and then merge again toward presentday. This is consistent with (1) a common source and strong equatorially dominated circulation patterns in the Eocene with no major export of AABW, increased production and export of AABW to the Pacific, (2) from the Oligocene onward due to the build up of the Antarctic Circumpolar Current coupled with generally weak circulation and water mass exchange, leading to more distinct isotopic signatures for the south and equatorial Pacific regions, and (3) more intense Pacific circulation since the middle Miocene as a consequence of major climatic and paleogeographic changes forcing the southern and equatorial records to become more similar again. Although our results provide important new information for the reconstruction of Eocene through Miocene deep water circulation, more records of radiogenic isotopes at higher time-resolution from remote locations and different water depths are needed to achieve a comprehensive reconstruction of past circulation patterns in the Pacific Ocean.
